Opto-and electromechanical systems [1, 2] have gained considerable attention recently for their potential as hybrid transducers between otherwise incompatible (quantum) systems, such as photonic, electronic, and spin degrees of freedom [10, 13, 14] . Coupling of radio-frequency or microwave signals to optical fields via mechanics is particularly attractive for today's, and future quantum technologies. Photon-phonon transfer protocols viable all the way to the quantum regime have already been implemented in both radio-and optical-frequency domains separately [5, 7, 15] .
Opto-and electromechanical systems [1, 2] have gained considerable attention recently for their potential as hybrid transducers between otherwise incompatible (quantum) systems, such as photonic, electronic, and spin degrees of freedom [10, 13, 14] . Coupling of radio-frequency or microwave signals to optical fields via mechanics is particularly attractive for today's, and future quantum technologies. Photon-phonon transfer protocols viable all the way to the quantum regime have already been implemented in both radio-and optical-frequency domains separately [5, 7, 15] .
Among the optomechanical systems that have been considered for radio-to-optical transduction [8, 10, 12, 16] , we choose an approach [8] based on a very high Q m ≈ 3 · 10 5 nanomembrane [17, 18] which is coupled capacitively [19] [20] [21] to a radio-frequency (rf) resonance circuit, see Figure 1 .
Together with a four-segment gold electrode, the membrane forms a capacitor, whose capacitance depends on the membrane-electrode distance d + x. With a tuning capacitor C 0 , the total capacitance C(x) = C 0 + C m (x) forms a resonance circuit with a typical quality factor Q LC = L/C/R of 130 when an inductor wired on a low-loss ferrite rod (L = 0.64 mH) is used. The inductor serves as an antenna feeding rf signals into the series LCcircuit. The circuit's resonance frequency Ω LC = 1/ √ LC is tuned to the frequency Ω m /2π = 0.72 MHz of the fundamental drum mode of the membrane. The membranecircuit system is coupled to a propagating optical mode reflected off the membrane. The electromechanical dynamics is described most generically by the Hamiltonian [8] 
where φ and q, the flux in the inductor and the charge on the capacitors, are conjugate variables for the LC circuit; x and p denote the position and momentum of the membrane with an effective mass m. The last two terms represent the charging energy U C (x) of the capacitors, which can be offset by an externally applied bias voltage V dc (Fig. 1 ). This energy corresponding to the chargeq = V dc C(x) leads to a new equilibrium positionx of the membrane. Furthermore, the position-dependent capacitive force F C (x) = − mbar). It forms a position-dependant capacitor Cm(x = 0) ≈ 0.5 pF with a planar 4-segment gold electrode in the immediate vicinity (0.9 µm < ∼ d < ∼ 6 µm). A laser beam is reflected off the membrane's Al coating [22] , converting its displacement into a phase shift of the reflected beam. (b) The membrane capacitor is part of a resonant LC-circuit, tuned to the mechanical resonance frequency by means of a tuning capacitor C0 ≈ 80 pF (see SI for details). A bias voltage V dc applied to the capacitor then couples the excitations of the LC-circuit to the membrane's motion. The circuit is driven by a voltage Vs in series, which can be injected through the indicated coupling port '2' or picked up by the inductor from the ambient rf radiation. (c) For a membrane-electrode distance of 0.9µm, the optically observed response of the membrane to a weak excitation of the system clearly shows a split peak (dashed lines: fitted Lorentzian resonances), due to hybridisation of the LC-circuit mode with the mechanical resonance of the membrane.
ing, reducing the membrane's motional eigenfrequency by ∆Ω m ≈ −C (x)V 2 dc /2mΩ m [19] . Much richer dynamics than this shift may be expected from the mutually coupled system (1). For small excursions (δq, δx) around the equilibrium (q,x), it can be described by the linearised interaction term (Ref. [8] and SI)
parametrized either by the coupling parameter G = −V dc
C (x)
C(x) or the electromechanical coupling energȳ hg em . This coupling leads to an exchange of energy between the electronic and mechanical subsystems at the rate g em ; if this rate exceeds their dissipation rates Γ LC = Ω LC /Q LC , Γ m = Ω m /Q m , they hybridise into a strongly coupled electromechanical system [4, 6, 7] .
Our system is deeply in the strong coupling regime (2g em = 2π · 36 kHz > Γ LC Γ m for a distance d = 0.9 µm and a bias voltage of V dc = 16.4 V (Fig. 1c) . Here, for the first time, we detect the strong coupling using an independent optical probe on the mechanical system.
We have performed an experimental series, in which the bias voltage is systematically increased, with a different sample and a larger distance d = 5.5 µm. The system is excited inductively through port '2' (Fig. 1c) , inducing a weak radio wave signal of (r.m.s) amplitude V s = 670 nV, at a frequency Ω ≈ Ω LC . The response of the coupled system can be measured both electrically as the voltage across the capacitors (port '1' in Fig. 1b) and optically by analyzing the phase shift of a light beam (wavelength λ = 633 nm) reflected off the membrane. Both signals are recorded with a lock-in amplifier, which also provides the original excitation signal.
The electrically measured response ( Fig. 2a) clearly shows the signature of a mechanically induced transparency [23] [24] [25] indicated by the dip in the LC resonance curve. Independently, we observe the rf signal generated in the LC circuit optically via the membrane mechanical dynamics (Fig. 2b) . In particular, the electromechanical coupling leads to broadening of the mechanical reso-
FIG. 2:
Mechanically induced transparency. Response of the coupled system to weak excitation (through port '2' in Fig. 1b ) probed though both, (a) the voltage modulation in the LC circuit (at port '1'), and (b) the optical phase shift induced by membrane displacements. The data (coloured dots) measured for five different bias voltages agree excellently with model fits (curves) corresponding to gem/2π = {280, 470, 810, 1030, 1290} Hz. Note that each curve is offset so that its baseline corresponds to the applied bias indicated on the scale between the panels. Grey circles indicate the mechanical resonance frequency extracted for each set of data. A shift ∆Ωm ∝ −V 2 DC can clearly be discerned (dashed line is a fit). The inset shows the effective linewidth of the mechanical resonance extracted from full model fits to the electrically (circles) and optically (boxes) measured response and simple Lorentzian fits to the optical data (diamonds).
nance, an electromechanical damping effect analogous to optomechanical dynamical backaction cooling [26] [27] [28] , to a new effective linewidth Γ eff = (1 + C em ) · Γ m , where C em is the electromechanical cooperativity
The width of the induced transparency dip and the mechanical linewidth grow in unison, and in agreement with our expectations as Γ eff ∝ V 2 dc (inset). Both these features also shift to lower frequencies as the bias voltage is increased, following the expected ∆Ω m ∝ −V 2 dc dependence [19] . Note that in each experiment we have tuned the LC resonance frequency to Ω m .
Using the model based on the full Langevin equations (SI), derived from the Hamiltonian (1), we fit the electronically and optically measured curves, and obtain fit parameters Ω m , Ω LC , Γ LC , and G which for the two curves agree typically within 1%. Together with the intrinsic damping Γ m /2π = 2.3 Hz determined independently from thermally driven spectra, the system's dynamics can be quantitatively predicted. Our data analysis allows us to quantify the coupling strength in three independent ways, by (i) analysis of the mechanical responses' spectral shape, (ii) comparison of the voltage and displacement modulation amplitudes, and (iii) the frequency shift [19] of the mechanical mode, and compare these experimental values with (iv) a theoretical estimate taking the geometry of the electromechanical transducer into account (SI). For V dc = 125 V we find G = 10.3 kV/m following to the first method, and similar values using the three others (cf. SI), corroborating our thorough understanding of the system.
In another experimental run (d = 4.5 µm, Fig. 3 ), we have characterised the strong electromechanical coupling [3] [4] [5] via the normal mode splitting [29, 30] giving rise to an avoided crossing of the resonances of the electronic circuit and the mechanical mode, as the latter is tuned through the former using the capacitive spring effect [19] . In contrast to earlier observations [4, 6, 7] we can simultaneously witness the strong coupling through the optical readout, in which the recorded light phase reproduces the membrane motion (Fig. 3c,e) . Again, the predictions derived from the Langevin equations are in excellent agreement with our observations, yielding a cooperativity of C em = 3800 for these data with m = 24 ng, Γ m /2π = 3.1 Hz.
We now turn to the performance of this interface as an rf-to-optical transducer. A relevant figure of merit for the purpose of bringing small signals onto an optical carrier is the voltage V π required at the input of the series circuit in order to induce an optical phase shift of π. Achieving minimal V π requires a tradeoff between strong coupling and induced mechanical damping. For the optimal cooperativity C em = 1 we find at resonance (Ω r ≡ Ω m = Ω LC = Ω), orders of magnitude below commercial modulators optimised for decades by the telecom industry, but also explorative microwave photonic devices [31] [32] [33] based on electronic nonlinearities [34] . It is interesting to relate this performance to more fundamental entities, namely the electromagnetic field's quanta that constitute the signal. Indeed it is possible to show that the quantum conversion efficiency, defined here as the ratio of optical sideband photons to the rf quanta extracted from the source V s I/hΩ LC for C em 1, is given by (see SI)
This corresponds to the squared effective Lamb-Dicke parameter (kx zpf ) 2 = (2π/λ) 2h /(2mΩ m ) enhanced by the number of photons sampling the membrane during the membrane excitations' lifetime. We have tested that the membranes can support optical readout powers of more than Φ car hc/λ = 20 mW without degradation of their (intrinsic) linewidth. We thus project that conversion efficiencies on the order of 50% are available. So far we have measured a few percent in the laboratory, with further experiments ongoing. Note that this transducer constitutes a phase-insensitive amplifier, and can thus reach conversion efficiencies above one-at the expense of added quantum noise. For the recovery of classical signals, the sensitivity and bandwidth of the interface is of greatest interest. The signal at the optical output of the device is the interferometrically measured spectral density of the optical phase ϕ of the light reflected off the membrane,
The voltage V s at the input of the resonance circuit (denoted here as its spectral density S V V ) is transduced to a phase shift via the circuit's susceptibility χ LC , the coupling G, the effective membrane susceptibility χ eff m and the optical wavenumber k (see SI). The sensitivity is determined by the noise added within the interface. This includes in particular, the imprecision in the phase measurement (S car ). We demonstrate this transduction scheme by measuring the ambient rf radiation background [35] . This radiation induces a voltage V s on the order of 10 nV/ √ Hz in the circuit, as we can determine through an electrical measurement on port '1'. Alternatively, we measure this signal optically, as shown in Fig. 4a .
In this experiment, we use a home-built interferometer operated at λ = 1064 nm and with a light power of 0. Evidently, yet more sensitive optomechanical transduction could readily be achieved with known systems [17, 36] . The data in Fig. 4 corresponds to a measurement with about 46 dB dynamic range, and we still expect a significant margin towards the onset of mechanical nonlinearities, which were observed to occur only as the displacement amplitudes are approaching nm-levels, corresponding to an expected dynamic range of 80 dB for broadband signals.
The noise added by the membrane thermal agitation is more critical in nature, as it can usually only be reduced using cryogenic cooling. Remarkably, however, this noise is strongly suppressed in this setting. If recast into an equivalent input voltage noise S
this contribution is found as low as
at resonance, where T m is the temperature of the membrane. Thus the noise added by the membrane, as seen by the optical readout, has a temperature of only T m /C em . For the data of Fig. 4 , we have obtained a cooperativity of C em = 6800 with a bias voltage of V dc = 21 V. The corresponding noise temperature of 40 mK should therefore allow to recover signals down to a level of 5 pV/ √ Hz over a bandwidth of ∼ Γ LC (green curve in Fig. 4b ).
For comparison, the ultralow-noise operational amplifier arrangement, which we use to measure on port '1' has a nominal voltage noise of 4 nV/ √ Hz and negligible current noise; in practice, with a gain of 1000, we achieve an input noise (at port '1') of S oa V V = 17 nV/ √ Hz. Referenced again to the voltage V s driving the circuit, this translates to a voltage sensitivity of S oa V V /Q LC = 130 pV/ √ Hz, to be compared with the current shot-noise limited 50 pV/ √ Hz of our device and its 5 pV/ √ Hz membrane noise. This superior performance of our transducer remains unchanged also off resonance (Ω = Ω LC ) as both methods benefit equally from the LC-circuit's resonant enhancement of the signal voltage V s (cf. Fig. 1b) .
Further improved sensitivity is readily available, not least due to the still considerable margin for increasing the cooperativity: the pull-in instability of the membrane is estimated to occur only at C em ≈ 20,000, and
Hz in the present system (see SI). Within the stability regime, stronger coupling, and correspondingly higher cooperativities, can be achieved by reducing the offset capacitance C 0 .
The ultimate noise floor of our opto-mechanical transducer is well below the room temperature Johnson noise from the circuit's R = 20 Ω. Our ultralow-noise transducer/amplifier can therefore be of particular relevance in applications where this noise is suppressed. For example, for direct electronic (quantum) signal transduction, the resonance circuit must be overloaded with a cold transmission line which carries the signal of interest. In radio astronomy [35] , highly efficient antennas looking at the cold sky have noise temperatures in the GHz range significantly below room temperature. The usually required cryogenically cooled pre-amplifiers might be replaced by our transducer. Finally, in nuclear-magnetic resonance experiments including imaging, cooled pickup circuits can deliver a significant sensitivity improvement, yet this approach is challenging current amplifier technology [37] . For applications with the centre radio-frequency in the GHz band strong electro-mechanical coupling to the membrane in the MHz range can be achieved by using an oscillating coupling voltage [4, 5] instead of the dc voltage used in the present work.
Methods Summary
The capacitor is fabricated by standard cleanroom microfabrication techniques. Electrodes made of gold (thickness of 200nm) are deposited on a glass substrate and structured by ion-beam etching. Each segment is 400 µm long, with 60 µm gaps between the segments. Pillars of a certain height (600 nm, 1µm) are placed to determine the membrane-electrode distance. The capacitor is connected in parallel to a ferrite inductor with a Q ≈ 500 (around 700 kHz) and L ≈ 635µH. The inductor is wound with Litz wires to ensure high Q-factor. A variable trimming capacitor is used to tune the resonance frequency of the LC circuit. The capacitance of the membrane-electrode system is measured to be roughly 0.5pF.
The mechanical resonator consists of a 50 nm thick Aluminum layer on top of a high-stress stoichometric SiN layer with a thickness of 100 nm and 180 nm for different samples. The Al layer is deposited on top of the whole wafer after the membranes have been released. Photolithography and chemical etching are subsequently used to remove the metal from the anchoring regions and from a circle in the middle of the membrane. The metal layer on SiN causes roughly a 10 percent decrease in the eigenfrequency of the fundamental mode.
Optical interferometry is carried out via a commercial Doppler vibrometer (MSA-500 Polytec) and by a home made Michelson interferometer (for the data set in Fig.4) . The vibrometer uses optical heterodyne detection of the light returned from the membrane to recover the displacement spectrum of the membrane's surface. The membrane-electrode distance is determined using the white light interferometry functionality of the same device. Interference fringes are collected from the partly reflective membrane layer and the electrode layer underneath, which is then used to determine their relative distance.
The home made Michelson interferometer consists of two optical paths, namely the beam sent on the membrane and on a piezo-controlled mirror in the reference arm. The beams are re-combined and the relative phase measured with a high-bandwidth (0-75MHz) InGaAs balanced-homodyne receiver. Shot noise limited measurement with an overall quantum efficiency of 25% (losses, visibility, detector efficiency) is achieved. The slow signals from the two DC monitoring outputs of the detector are used to generate the differential error signal, which is then fed to the piezo for locking the interferometer to the midpoint (maximum slope) of the interference pattern. The rf output of the detector is high-pass filtered and fed to a spectrum analyzer in order to record the vibrations of the membrane. Absolute calibration of the mechanical amplitude is carried out via a calibration peak generated by driving the piezo with a known voltage at a frequency close to the mechanical peak. The generated signal power is then converted to displacement by referring to the visibility equation and full-fringe voltage measurement determined by a slow piezo scan.
S 1. EXPERIMENTAL DETAILS
A. The LC resonance circuit
Design
The detailed circuit diagram we use for our experiments is sketched in Fig.S1 . All the electronic components for controlling the coupling are placed on a PCB (Printed Circuit Board) that is shielded with a metal box. The output of the PCB goes to the electrical feedthroughs of the vacuum chamber in which the membrane-capacitor system is placed.
FIG. S1: Detailed circuit diagram.
Both the DC and rf voltages are applied in a symmetric way in the circuit for commonmode noise cancellation. The DC bias voltage is applied through a 1M Ω resistor and a 330nF capacitor that form a low-pass filter. The two 22M Ω resistors prevent loading the Q of the circuit (both for DC and rf voltage sources). The two 330nF capacitors are placed to avoid short-circuiting the DC bias through the inductor. C0 represents the tuning capacitor to match the frequency of the LC and the mechanical resonator. For most of our measurements, the LC is driven via the drive coil in the vicinity of the ferrite inductor and the voltage on the capacitor is probed by the FET (Field Effect Transistor) operational amplifier. An additional rf port with a 1:1 transformer enables us to drive the system when the ferrite inductor is disconnected (coupling off). For the specific measurement in Fig.1 (main text) , the circuit is driven via this rf port on the PCB and probed by an additional pick-up coil. In the real circuit, the amplifier part consists of two identical operational amplifiers taking the differential input (gain=100) followed by a third operational amplifier (gain=10), in total yielding a gain of 1000.
Losses
The decay rate of the LC circuit is a crucial parameter for reaching the strong coupling regime since the coupling rate should exceed this rate. In our setup, we use a high-Q ferrite inductor which is made of Ferrite 61 material (including a mixture of Zinc and Nickel) that is known for minimized core and eddy current losses. The inductor is wound with Litz wires of optimal wire diameter for low loss in the frequency range of interest (≈ 700 kHz). Even though the Q of our inductor reaches 500 around this frequency range, our combined circuit exhibits lower Q due to several elements. We have observed that connection of the PCB (dielectric losses) and nearby magnetic elements (optical table, shielding box etc) contribute to the reduction of the Q-factor. A significant reduction occurs when the whole LC circuit is connected to the membrane-capacitor chip inside the chamber. This comes mainly from the contact resistance (≈ 50 Ω) of the gold electrode connection lines deposited on the capacitor chip.
Ambient rf radiation
In the MHz range, antennas pick up radiation that permeate the earth's atmosphere, caused mainly by lightnings, but also man-made, and at higher frequencies, galactic sources [1] . Litz wires shielded with aluminium foil are used to reduce pick-up in the cables (∼ 50 cm) connecting the box containing the printed circuit board control unit with the inductor. The inductor/antenna is placed in a metal box to reduce the amplitude of the large atmospheric pickup in order to better demonstrate the sensitivity of the transducer. Still, the radiation picked up generates voltages largely exceeding the Johnson noise in the circuit. We have measured the scaling of the mechanically transduced pickup signals as a function of bias voltage (Fig. S2 ). The noise amplitude shows scaling which would be expected for a signal coupled through the inductor port according to our model. The nonlinear function used for the fit is described by f = 
B. Membrane-capacitor system

Geometry and distance
The capacitive transducer in our setup consists of a 4-segment electrode and a metal coated membrane. Microscope images of both the chip and the membrane are shown in Fig.S3 . The chip has an area roughly four times larger than that of the membrane. The two pairs of segments are connected via extra electrodes such that the diagonal parts form (+) and (-) electrodes. We note that the overlap between the membrane area and the 4-segment electrodes after the assembly is not perfectly symmetric.
The initial distance between the membrane and the capacitor chip is paramount in order to achieve high coupling rates at small DC bias voltages. For our setup, the distance is set by the pillar height (600nm and 1µm) deposited on the glass chip. However, most membrane-chip samples showed distances of a few µm. This is attributed to the unevenness of the membrane and chip surface, as well as residues (silicon, resist, dust) acquired during the assembly process. To overcome this problem, we used an extra etching process for a batch of our membranes to remove a 50 µm thick layer of a large area within the membrane frame surface. This technique helped us reduce the distance closer to the pre-determined value. As shown in Fig. S4 , the distance was experimentally determined using white light interferometry.
Membrane damping
After assembly of the membrane-electrode system, we typically measured the linewidth of the thermally driven mechanical mode using the optical readout. Typically values of 1 − 2 Hz were observed. For some membranes, we used ringdown measurements for a more accurate determination of the mechanical quality factor. To that end, the membrane was excited through the capacitor using a small applied voltage. The membrane motion was again monitored optically, and its decay recorded after the excitation was switched off. Figure S5 shows an example of such a measurement, with a fitted (amplitude) ringdown time of 0.21 s, corresponding to a linewidth of 1.5 Hz and Q m = 495000.
When arranging the membrane very close to the electrode surface (d < ∼ 1 µm), we typically found a reduction of the membrane quality factor, with mechanical linewidths often on the order of 20 Hz. The precise origin of this increased damping sill has to be better understood, but could possibly arise from surface charge-membrane interaction or, for very small distances, residues getting in contact with the membrane. The increased damping limits the cooperativity in measurements with the highest coupling, such as the one shown in Fig. 1 of the main manuscript.
Cooperativity limit due to instability
In this section, we explore the limits of our device based on the maximum achievable cooperativity. Cooperativity (C em ∝ V 2 ) is in principle limited by the maximum applicable DC voltage that yields a static displacement of the due to the applied DC voltage, causing instability and eventual collapse of the membrane on the capacitor chip. Considering this limit, we implement the following scaling argument for our experimental data in Fig.4 . Assuming a homogenous force and neglecting the deflection geometry of the membrane, frequency shift and static displacement can be related by ∆f f ≈ ∆x x which sets the maximum allowable frequency shift as ∆f max = 260 kHz where f = 780 kHz is the bare membrane frequency. Given the empirically found frequency shift of 88 kHz with 21V DC bias at a distance of 1µm and the frequency shift scaling ∆f ∝ V 2 , the applied voltage can be increased by a factor of 260/88 which leads to a 3 times improved cooperativity of C em ≈ 20000. Consequently, this would correspond to a sensitivity limit of 2.9 pV/ √ Hz.
S 2. THEORY
A. Electro-mechanical coupling
Hamiltonian
The Hamiltonian [3] 
describes the electromechanical system in terms of the flux φ in the inductor, the charge q on the capacitors, as well as the displacement x and momentum p of the considered fundamental membrane mode. In this scalar description the coupling arises due to the displacement dependence of the capacitance C(x).
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Equations of motion
The Hamiltonian directly leads to the Langevin equationṡ
in which the dissipation rate Γ m of the membrane, and Γ LC = R/L of the resonance circuit have been included, as well as driving terms F (a force on the membrane) and V (a voltage induced in the circuit).
Assuming that the only acting force is the thermal Langevin force δF th , and writing the applied voltage as a large d.c. offset and a small fluctuating input
we can linearize the Langevin equations around an equilibrium (x,p,q,φ) characterised by
and, to first order in the small fluctuations (provided the system is stable),
Here, we have introduced the coupling parameter
as well as the frequency shift
Absorbing the frequency shift into a re-defined Ω m and transforming to the Fourier domain yields
(S19)
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These algebraic equations can be used to calculate the response of the system to excitations through a force or voltage drive. For notational convenience, we often use the bare susceptibilities
of the mechanical and LC resonator, respectively.
Coupling rate and cooperativity
The system (S16)-(S19) represents two oscillators coupled with a coupling energȳ
where x zpf and q zpf are the zero-point fluctuations of the membrane displacement and capacitor charge, respectively.
Comparison of the corresponding coupling rate g em with the dissipation rate yields the electromechanical cooperativity [4, 5] C em = 4g
B. Probing the system
Voltage across the capacitor
The voltage across the capacitor(s), measured at port "1" of the circuit, is given by
and furtherV c + δV c = (q + δq)
after again applying linearisation. Together with (S16)-(S19) this yields
if we assume the voltage is most significantly affected by a voltage δV s induced in the circuit, which is the case when the circuit is driven through a sufficient strong voltage pickup (port "2"). Figure S6 shows typical expected response curves, showing the transition from mechanically induced transparency to normal mode splitting.
Optical measurement of the membrane
The optical field reflected from the membrane experiences a phase shift of where k = 2π/λ is the readout light's wavenumber. From (S16)-(S19) we have
for the mechanical displacement, so that the total measured optical phase shift is
where we have taken the imprecision δϕ im of the measurement into account, but neglected optical backaction [6] , which would only become relevant for much greater optical powers than the ones used here ( < ∼ 10 mW).
C. Sensitivity
From eq. (S29), the spectral density of phase fluctuations is given by
for uncorrelated inputs δV , δF th and δϕ im . A voltage signal can therefore be detected as soon as its spectral density exceeds both the optical readout noise
as well as the noise due to thermal fluctuations of the membrane position
can be achieved by increasing the optical power and thus reducing the shot noise limit of S im ϕϕ (Ω). Underthese conditions, with the spectral density of the Langevin force S th F F (Ω) = 2mΓ m k B T m , the fundamental limit for the sensitivity can be written as
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D. Modulation and conversion efficiency
In the context of efficient light modulation by an RF field, the coupling strength can be quantified in terms of the voltage V π , which, if applied to the LC circuit, shifts the reflected light's phase by π. Focusing on the resonant response, we find from eq. (S29)
which is maximum at C em = 1, yielding
in this case. It is straightforward to estimate the conversion efficiency of radio-frequency photons to optical sideband photons of the light reflected from the membrane,
Note that as opposed to V π where C em = 1 was found to be optimum, high conversion efficiencies can be achieved for large cooperativities as the impedance of the circuit is increased and thus less power is provided by the source for a given source voltage V s . For sufficiently high cooperativity, 4C em /(1 + C em ) → 4, and with m = 30 ng, Ω m /2π = 690 kHz, Γ m /π = 2 Hz, Φ car hc/λ = 20 mW, we find η eo = 48%.
S 3. DATA ANALYSIS
A. Fit models
Membrane thermal noise spectrum
The bare membrane mechanical characteristics can be extracted from a measurement of its displacement when thermally driven only, in absence of electromechanical coupling (V dc = 0). To this end, we use a Doppler vibrometer which provides a calibrated displacement spectrum. A simple Lorentzian model
is fit to this spectrum and used to extract the mechanical damping Γ m and the effective mass m (assuming T m = 300 K). Note that this mass is an effective optical mass, that is, it may vary slightly depending on the probing point of the optical beam. The variations we observe are on the order of 20%.
Spectrum of voltage fluctuations across the capacitor
The response of the electromechanical systems to a series voltage picked up in the inductor (port "2"), and measured within the circuit, at the capacitor (port "1"), is described by eq. (S26). Here, we have assumed that the signal is dominated by the induced voltage. The corresponding model
is fit to the response functions measured in this fashion, and used to extract the parameters Ω m , Ω LC , Γ LC , G and δV s (the amplitude of the induced driving voltage). The required total capacitance has been determined beforehand in independent measurements, and is typically at a level of C(x) = 80 pF. Note that in this approach, the electromechanical coupling parameter G depends indirectly on the (optically determined) effective mass m, as the actual electromechanical coupling physics (and thus the shape of the spectra, e. g. splitting) is determined by the coupling energyhg ∝ G/ √ m, which is independent of the optical probing point. 
Spectrum of the optical phase shift
The response of the optical phase shift to a voltage pickup in port "2" is readily described by eq. (S29), in the limiting case where the driving voltage dominates the signal,
By performing a calibration of the spectra into mechanical displacement units, a simplified fit model of
can be used, with input parameters m and C from independent measurements, as well as Γ LC as determined by the fits of the voltage measurements at port "1" (see above). The parameters Ω m , Ω LC , G and δV s are adjusted by the fit. The results for Ω m , Ω LC , and, importantly, G, typically agree to the fits to the voltage spectra to within 1%.
B. Calibration of the coupling rate G
Spectral shape
As described in the previous section, fits to the spectra of the intracircuit voltage (port "1") or interferometrically measured optical phase shift yield values of the coupling parameter G. Note that determination of G is performed by fitting the shape of the spectra with the amplitude as a free parameter. The amplitudes can be used in an additional approach to determine G (see below). The parameter G can also be re-expressed into a coupling rate g em using the identityh
and thus made independent of the optical mass m.
For the data shown in figure 2 of the main manuscript, we find G i = 10.3 kV/m at V dc = 125V.
Amplitude ratio
Alternatively, the amplitudes of the voltage in the circuit δV c and the mechanical displacement δx can be compared. For example, at resonance, we find
encoding G as a function of the experimentally measured modulation amplitudes. In practice it turned out to be more robust to evaluate this ratio not at one particular frequency (here e. g. Ω R ), but throughout the entire measured frequency range. This can be conveniently accomplished by evaluating the left-hand-side of eq. (S42) using the models (S38) and (S40), with the parameters fitted to the experimental spectra, including-crucially-the (possibly) different drive amplitudes δV s determined in these fits, which uniquely encode the amplitudes of the measured spectra. For the driven measurements with the Lock-in (in units of Vrms), we implement the following approach to calibrate the readings to mechanical amplitudes (shown in Fig.2 ). The membrane is first excited with a single frequency sine wave of known amplitude from the rf output of the Lock-in via a drive coil. This appears as a sharp mechanical response on the displacement spectrum as measured with the vibrometer, which is by default calibrated in meters. This value is then used to calibrate the wide membrane spectrum when we scan the rf excitation signal and record the driven response of the Vibrometer output which is fed to the Lock-in.
For the data shown in figure 2 of the main manuscript, we find G ii = 8.5 kV/m at V dc = 125V.
Frequency shift
A third, independent approach to estimating the coupling strength is by measuring the frequency shift when a d. c. voltage is applied. Above we found
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where we have chosen canonical coordinates such that the oscillator mass equals the physical membrane mass m * . To relate the frequency shift and the coupling rate, a relation of the first and second derivative of the inverse capacitance at the operating pointx is necessary. Without loss of generality, we can write
with some characteristic length D. Then we obtain
An approximation for D can be obtained by assuming
where d is an equilibrium distance, e. g. between the plates of a capacitor, one of which can move. This model yields
More generally, for any capacitive force for which 
This expression can be used to estimate the coupling parameter G by measuring the frequency shift ∆Ω m , if the distance d, effective and physical masses m and m * , total capacitance C(x) and applied bias voltage V dc are known. For the data shown in figure 2 of the main manuscript, we find G iii = 14.4 kV/m at V dc = 125V.
Theoretical calculation
The total capacitance of the membrane-electrode arrangement depends on the membrane mode shape and the electrode mask as well as their relative alignment. This capacitance can be determined analytically in a quasielectrostatic calculation by employing certain geometrically motivated approximations [7] .
We proceed by assuming that the curvature of the membrane is sufficiently small that we, for purposes of calculating the capacitance, can take it to be locally flat. If we furthermore neglect edge effects, symmetry considerations imply that we may model the membrane-electrode capacitance locally as that of parallel plates (assumed to be perfectly conducting). This local capacitance per area only depends on the local membrane-electrode separation along the direction normal to the plane defined by the electrodes.
Within the stated approximations, we can now construct the total capacitance of the arrangement in terms of the local capacitance contributions. Noting that the membrane-electrode separation is significantly smaller than the interelectrode gaps of the quarter-segment geometry (see Fig. S3a ), we can neglect the direct capacitance between electrode segments. Instead, the capacitance between the positive and negative electrodes is mediated by the membrane, so that the integrated local capacitance between membrane and positive electrode segments, C + , acts in series with the corresponding quantity for the negative electrode segments, C − :
where C 0 is the tuning capacitance acting in parallel with the membrane modulated capacitance. With this model of the total capacitance C, we may proceed to calculate the coupling strength G along the lines of the derivation given in subsection S 2 A. The displacement configuration of the membrane δx(y, z) relative to its static deflection (induced by the DC voltage bias) can be expanded on the set of drum modes (where y and z are cartesian coordinates of the membrane plane): 
S11
The coefficients β m,n are canonical drum mode position coordinates each of which has the free evolution of a harmonic oscillator. Their frequencies are given by the drum mode spectrum, while we have a gauge freedom of choosing their masses by means of canonical rescaling of the β m,n and their conjugate momenta. This also implies a rescaling of the modes Φ m,n (y, z) in order to retain the form of Eq. (S50) (note that the coordinate axis for δx is fixed once and for all in specifying the membrane-electrode distance d in absence of bias voltage). That is, focusing on a single drum mode Φ(y, z) henceforth, the choice of gauge mass m for the canonical variables associated with this mode entails the requirement
where m * is the physical mass of the membrane and A mem is the membrane area. In parallel to Eq. (S14) we write
where 'eq' signifies that the derivative should be evaluated at the static displacement equilibrium configuration of the membrane. However, assuming the static displacement to be negligible compared to d, it is a good approximation to evaluate Eq. (S52) at the flat membrane configuration. Inserting our model for C, Eq. (S49), we find
where L is the membrane side length and we have introduced the overlap factors
with i ∈ {+, −} and A i being the area of the membrane above electrodes of polarity i; ξ(y, z) is a product of Heaviside functions that masks the electrode gaps as well as the hole in the membrane metalization (see Fig. S3 ). In order to evaluate G, we need to calculate the overlap term appearing in brackets in Eq. (S53) for our geometry. For the fundamental mode we find the value 0.128 provided perfectly central positioning of the membrane with respect to the quarter-segment electrodes. In a range of up to 25% lateral misalignment the value varies between 0.119 and 0.139 with an (unweighted) average of 0.131, which is the value we will use below. The physical mass can be estimated to m * = 110ng using the mass densities ρ SiN = 3.0g/cm 3 and ρ Al = 2.7g/cm 3 . The membrane side length L is 0.5mm. For the specific experiment presented in Fig. 2 of the main text, we have effective mass m = 30ng and membraneelectrode separation d = 5.5µm. As the LC mode is retuned into resonance with the mechanical mode each time the bias voltage V dc is modified, Eq. (S53) acquires an additional V dc dependence through C (eq) ≈ C 0 , where C 0 is the tuning capacitance. However, this amounts to a correction of a few percent over the voltage range considered in the aforementioned figure; for simplicity then, we may take C 0 = 76pF independently of voltage. Evaluating Eq. (S53) for these values, we find G/V dc = 66m −1 . For V dc = 125V we find a value of G iv = 8.2kV/m.
